Real-time load monitoring of critical civil and mechanical structures especially dynamic structures such as wind turbine blades is imperative for longer service life. This article proposed a novel sensor system based on the proprietary in situ triboluminescent optical fiber (ITOF) sensor for dynamic load monitoring. The new ITOF sensor patch consists of an ITOF sensor network with micro-exciters integrated within a polymer matrix. The sensor patch was subjected to repeated flexural loading and produced triboluminescent emissions due to the friction between micro-exciters and ITOF sensors corresponding to each loading cycle. The friction-induced triboluminescent intensity directly depends on the loading rate, the coefficient of friction, and the applied load on patch. In general, the triboluminescent intensity increases exponentially with an increase in load. Additionally, the sensor patches comprising the coarser micro-exciters exhibited better results. Similarly, better results were achieved at higher loading rates although a threshold loading rate is required to excite the triboluminescent crystals for this sample configuration. The proposed new sensor has the ability to monitor dynamic continuous applied loads.
Introduction
Triboluminescent (TL) materials emit light when they are scratched, stressed, or fractured (Bergeron et al., 2006; Sweeting, 2001) , and this fracture-induced light emission phenomenon is called triboluminescence (Sage et al., 1999) . The term consists of two parts: the first is the Greek word tribein that means ''to rub,'' while the second is the Latin prefix lumen, meaning ''light'' . Hence, this term essentially means light from friction .
There are thousands of different TL materials including both organic and inorganic materials. Among all crystals, approximately 50% of inorganic crystals and 30% of organic crystals exhibit TL behavior (Walton, 1977) . Xu et al. (1999b) showed a comparison of the TL intensity of various inorganic materials under identical mechanical stress conditions. The comparison clearly indicates that the manganese-doped zinc sulfide (ZnS:Mn) has the highest intensity TL emissions, which allows for more light emitted with fewer crystals than other TL crystals. The highest intensity is found at manganese doping level of about 5 at% of ZnS (Xu et al., 1999b) . On the other hand, the organic europium dibenzoylmethide triethylammonium (EuD4TEA) doped with dimethyl methylphosphonate (DMMP; has the largest tested TL yield among all the tested materials (Hollerman et al., 2012) . However, it appears to be more easily damaged than inorganic ZnS:Mn (Olawale et al., 2016a) . Thus, it is concluded that ZnS:Mn has the most potential for TL-based sensor systems and it was used as the TL material for this research.
Many studies have been performed on various TL crystals to correlate the TL emission and the applied loads (Chandra and Chandra, 2011; Jia et al., 2006; Xu et al., 1999a) . In most of those studies, the load is applied directly normal to the TL crystals. For instance, Xu et al. (1999b) reported that the TL intensity increased sharply when friction was applied normal to the ZnS:Mn thin film. The study also showed that the TL emission intensity increased with the applied loads. On the other hand, Leelachao et al. (2016) showed that the friction-induced TL emission of ZnS:Mn dispersed in polymer matrix is proportional to applied normal force. Moreover, such linear relationship between TL intensity and applied load has been reported in numerous studies relating to friction-induced triboluminescence (Xu et al., 1999a; Zhang et al., 2013) . In addition, an empirical relationship was proposed by Leelachao et al. (2016) where the TL emission intensity was expressed in the form of an exponential function of a square of the applied stress. Several other studies on the relationship of the TL emission and stress can be found in other works (Chandra and Chandra, 2011; Jia et al., 2006; Someya et al., 2013) .
A lot of research has been done on TL-based sensors as damage and impact monitoring systems in engineering systems such as civil and aerospace structures. To the authors' knowledge, no research has been published on TL sensors that could monitor real-time loads on structures such as wind blades. Conventional strain gauges located in the root section of the blades can be used for load measurement through correlation of strain. Some limitations of the sensor are as follows: (1) it needs calibration periodically, (2) it is influenced by temperature variations, and (3) it is sensitive to lightning and electromagnetic fields (Ozbek et al., 2009 ). Currently, fiber Bragg grating (FBG) sensors, the most common fiber optic sensors, have been used for monitoring various types of civil infrastructure (Chan et al., 2006; Ho et al., 2013; Leng et al., 2006; Majumder et al., 2008; Moyo et al., 2005) . As a result, FBGs are promising candidates for wind blade load monitoring due to their many advantageous characteristics (Schroeder et al., 2006) . The challenging part of implementing these fiber optic sensors is the need for expensive and bulky interrogation equipment, which may prevent its widespread field application in wind turbine blade monitoring (Li et al., 2015) . It is therefore imperative to develop a new cost-effective sensor system that can accurately measure loads on blades in real-time.
The focus of this study is to develop a new sensor system for load monitoring which is based on the proprietary in situ triboluminescent optical fiber (ITOF) sensor (Olawale, 2013; Olawale et al., 2011 Olawale et al., , 2014 Olawale et al., , 2016b . Figure 1 is a schematic diagram of the ITOF sensor. The ITOF sensor has the capability of detecting in situ damage in cementitious composites (Olawale et al., 2014 or monitoring real-time damage in the adhesive bond of composite structures (Shohag et al., 2016b) . The new sensor network patch, ITOFPress consists of an ITOF sensor network with micro-exciters integrated within a polymer matrix. The proposed sensor network could provide real-time quasi-distributed load information on structures such as composite wind turbine blades. This sensor is particularly suitable for large and remotely located composite structures such as the wind blades of utility scale wind turbines. Unlike many other sensors, the ITOFPress sensor does not require external power source (battery) for load sensing and transmission. This is critical because of the associated high cost of maintenance and system downtime required for replacing batterypowered sensors. In addition, it is expected that the cost of the sensor would be comparatively inexpensive due to the lower fabrication cost and noncomplex data acquisition systems.
Mostly in the aforementioned studies, the applied load is static, whereas in this research the applied load is dynamic. The load is not directly applied to the ZnS:Mn crystals, but rather through the polyurethane matrix material. The main objective of this article is to report preliminary findings on the new ITOFPress sensor, a new TL-based sensor system for dynamic continuous load monitoring of critical civil and mechanical structures. Additionally, a correlation between TL intensity and loads is suggested based on the results. The article discusses the effects of some crucial design factors such as matrix materials, coarseness of micro-exciters, and micro-exciters' host materials on sensor performance.
Experimentation

TL sensor fabrication
A polymer optical fiber (POF) of 1 mm diameter (Mitsubishi Rayon Company, Japan) was continuously coated with the TL composite film by dip-coating process. The TL composite film consists of ZnS:Mn (GL25/N-U1; Phosphor Technology, UK) and a ultraviolet (UV)-cured acrylated urethane system (Dymax Corporation, USA). The particle size of ZnS:Mn ranges 5-20 mm. TL composite films were fabricated with 50% by weight of ZnS:Mn content. The ZnS:Mn crystals were thoroughly mixed in the resin by a Thinky mixer (ARE-310; Thinky Corporation, USA). The Thinky mixer generates planetary centrifugal forces to mix the solution properly. The resulting TL composite film was then deposited on the POF by drawing the POF through a bath containing the TL composite film. The coated POF was cured by passing through a UV lamp for about 20 s.
Material selection and sample fabrication
The ITOF sensor was strategically placed in a threedimensional (3D) printed mold and allowed to extend beyond the boundary of the mold. The extended length of the ITOF sensor carries the signal from the sensor network patch as described in section ''Mechanical tests.'' A thin film of mold release agent (Pol-Ease 2500; Polytek Development Corp., USA) was sprayed inside the mold to ensure easy part removal. A wide strip of micro-exciters was inserted into the mold and steel pins were used to ensure good contact between the micro-exciters (abrasive particles) and the ITOF sensor. Another purpose of these pins is to hold the sensors in their desired location. The sensor density in a patch increases with an increase in the number of contact points. The number of contact points is determined by the number of times the ITOF within a sensor patch is in close proximity to micro-exciters. It was shown in the previous work Shohag et al. (2016a) that the ITOF sensor patch performed better when the number of contact points was increased to six. The sensor network patch in this experiment was designed to have six contact points. The diameter of the ITOF sensor is around 1.4 mm. The wide strip of micro-exciters is used to increase the contact area between micro-exciters and ITOF sensors. A 456-mm-long ITOF sensor is placed inside the patch matrix, of which 300 mm is in contact with the micro-exciters. Therefore, the ratio of sensor length covered by the micro-exciters is 0.6579, that is, 65.79% of the total ITOF sensor inside the patch matrix. Two different types of polyurethane were used for this experiment as shown in Table 1 . In the rest of the article, Poly 75-75 and SpeedSet 401 will be referred to as ''Material A'' and ''Material B,'' respectively.
The two-part polyurethane was properly mixed and poured into the mold as the ITOFPress matrix material to bind the sensors and micro-exciters together. The ITOFPress was demolded after complete curing (24 h) of the polyurethane resin. The ITOF sensor outside the ITOFPress matrix material was coated with a black tape to insulate the sensor from ambient light. Figure 2 is a picture of ITOFPress.
Mechanical tests
A setup for the three-point bending tests was developed by fabricating fixtures to hold and apply loads on the samples as shown in Figure 3 . The model of the load cell utilized in this experiment is SSM-DAK-5000 N. The rated output (sensitivity) of this load cell is 3 mV/V and the maximum excitation voltage is 15 V. Preliminary work was done to find out a suitable loading rate that would result in TL signal emission. After several trials (30, 60, and 120 mm/min), a loading rate of 120 mm/min was selected for this experiment 
Microscopy
A BX40F4 microscope from Olympus Optical Co. Ltd (Japan) was used to perform morphology analysis on the samples and micro-exciters. Four specimens among those used for the optical microscopy were selected for a morphological characterization with scanning electron microscopy (SEM). The microscope used was a JEOL 7401 field emission SEM (JEOL, USA).
Results and discussion
Performance of ITOFPress under repeated flexural loading
The typical TL emissions from an ITOFPress during the three-point bending tests are shown in Figure 4 (a). The sensors were subject to four loading cycles. Each cycle has two parts called loading half cycle and unloading half cycle (Figure 4(a) ). The ITOFPress produced four TL emissions corresponding to each loading cycle as shown in Figure 4 (a). The maximum TL emission was observed at the peak load for each cycle. On the other hand, for the same amount of deformation (9 mm), Figure 4 (b) shows the signal output from a sensor patch that has no TL crystal coating on optical fiber. It displays no signal, only a small amount of noise. Therefore, Figure 4 (a) clearly displays the TL emissions from the ITOF sensor patch. TL intensity (I TL ) is a function of loading rate, coefficient of friction, and applied load on sample as in equation (1) 
Here, the loading rate ( _ F) is defined as how fast the load is applied on the sensor network patch and m is the coefficient of friction of the micro-exciters. The higher the loading rate, the higher the TL intensity.
Effect of matrix material on sensor performance. Two different grades of polyurethane were used for this analysis, and the corresponding results are shown in Figure 5 . Some of the requirements of the matrix material are as follows:
(a) Matrix material should be semi-flexible so that it can bend while loading and allow for little movement of micro-exciters.
(b) Matrix material should have enough stiffness to effectively transfer the load. ITOF sensor patch with Material A shows more consistent results for each cycle, but the TL intensity is comparatively low (Figure 5 ). Material A is a semiflexible material. There is a level of material property degradation due to the stress relaxation. With Material B as the matrix material, TL intensity was markedly enhanced compared to Material A. The ITOFPress having Material B produced high TL intensity levels but inconsistent peak TL signal ( Figure 5 ). As the material has higher stiffness, it could transfer load effectively to the ITOF sensors for enhanced excitation. The TL emission from these ITOFPress is quite unstable and shows degradation trends. These stiffer ITOFPress are brittle in nature. As such, fractures or cracks occur after several cycles of repeated loading. To generate a consistent and high TL emission, a new patch matrix material needs to be found which has the stiffness in between Material A and Material B and performs excellently under repeated loading.
Effect of micro-exciters' grit size on sensor performance. To determine the effect of the coarseness of micro-exciters on the ITOF sensor patch's performance, two microexciter grit sizes (CAMI scale), namely, 36 and 80, were investigated. The grit size in microns can be calculated from equation (2) z = 11764:71n
where z is the grit size in microns and n is the grit size in numbers.
The grit size of the micro-exciters in microns is recorded from optical microscopic images, and a comparison between theoretical and experimental grit size is shown in Figure 6 . The coarsest micro-exciters have large particles and high coefficient of friction.
The sensor network patches comprising microexciters with coarser grit (grit size 36) exhibited better results. The distinct and consistent TL emissions for each loading cycle are defined as a ''better result'' than others. Figure 7 shows the performance comparison between two different sensor network patches 
Correlation of TL emission intensity with loads
A correlation between TL intensity and applied load is required for sensor calibration. To understand the relationship between TL intensity and applied load, the signal data in Figure 5 are replotted using load in x-axis and TL intensity in y-axis. The separate plots for several loading and unloading half cycles are shown in Figures 8 and 9 , respectively. Figure 8 (a) and (b) shows the TL emissions from the sensor during the loading half cycles for the matrix material ''Material A'' and ''Material B,'' respectively. In both cases, the TL intensity increases with increased loads. To gain more insights into the TL emission from the sensor patch, the TL intensity versus load curve are split into three regions. In region I (Figure 8 (a) and (b)), with the increase in load, the TL intensity increase is insignificant for the first 30% of the peak loads (approximately 780 and 925 N for Material A and Material B, respectively, for the first cycle). Under the current loading conditions, the loading force with the range from 0 to 250 N for Material A and 0 to 300 N for Material B cannot generate enough energy for the TL emissions, that is, the true signal cannot exceed the system errors (e). The sensor signal (I TL ) is a combination of true signal (x) and system error (e) as shown in equation (3). The true signal is the TL emission only due to the applied force for a fixed loading rate 
For these sensor configurations, the load sensitivity threshold is therefore around 30% of the peak load. This threshold value will need to be decreased further to a minimum threshold value for better sensor performance. In region II, the TL emission curve has an upward trend along with a small rate of variation. This kind of instability and uncertainty arises from the friction-based mechanism. There exists some randomness in the friction of the TL sensor which can be considered as the system error (e) (equation (3)). Additionally, in region II, the true signal generated with the load (ranges from 250 to 500 N for Material A and 300 to 625 N for Material B) is still not large enough to overcome the system error. In region III, the true signal is much higher than the system error. As such, TL intensity increases exponentially with the increase in loads in region III starting from approximately 500 and 600 N for Material A and Material B, respectively.
Similar types of plots were drawn for the unloading half cycles for the matrix material ''Material A'' and ''Material B'' as shown in Figure 9 . In general, the TL intensity decreases with decreasing loads. Basically, during the unloading half cycle, the load was released gradually over time. In this phase, the TL intensity depends on the material's strain recovery rate. It is expected that the higher the strain recovery rate of the material, the better the TL emission as well as signal consistency.
The inconsistent signal in the region (black dotted box) shown in Figure 9 occurred due to the sudden decrease in load. The non-uniform strain recovery rate of the matrix material could be the reason for signal inconsistency. The material permanently deformed during the loading, thus the load decreased gradually during each cycle and so does the TL intensity. After the test, a fracture was observed on the opposite side of the loaded side of the patch (Material B) which could be the potential cause of the signal inconsistency. In contrast, no fracture was observed in patches with matrix material ''Material A.'' From Figure 10 , it is clear that the patch material exhibits stress relaxation over the cycles and carries less amount of load. The unloading paths depict a large hysteresis loop with residual strain that agrees with other research works (Qi and Boyce, 2005; Yi et al., 2006) . From the first cycle to second cycle, the decrease in load is quite high compared to the rest of the cycles due to the permanent significant deformation of the composite patch (Figure 10 ). The cause of this permanent deformation is the brittle nature of the micro-exciters' host material (a thick paper) along with the stress relaxation of polyurethane. Other host materials deserve further study to eliminate the load inconsistency over cycles.
The 3D plots of the TL emissions from an ITOF sensor patch with loads and loading cycles are shown in Figure 11 . The TL intensity has a more drastic decrease with increasing number of loading cycles. It is expected that the signal from the sensor stabilizes after several cycles as well as loads for a particular amount of deformation.
For this sensor configuration, an empirical relationship between TL intensity and load is suggested as
where F is the applied load on the sensor patch. In addition, A, B, and C 0 are constants for a particular loading rate and they are a function of loading rate as well (a) (b) Figure 9 . TL intensity (arbitrary units) of the unloading half cycles for the matrix material: (a) Material A and (b) Material B. The insets show the repeated applied loads on sensor patch with time.
The limitation of the above empirical equation is that it applies to the single loading investigated in this study for a particular sensor configuration.
Morphological characterization
Optical microscopy. Four specimens were taken from each sample for optical microscopy. The optical microscopy was performed on all the specimens to study and understand the effect of the gap between the microexciters and ITOF sensors on the sensor patch loadsensing performance. The distance between peak of a micro-exciter and ITOF sensors was recorded from each of the microscopic images. Analysis of the micrographs (Figure 12 ) suggests that specimens having better contact between ITOF sensors and microexciters are more likely to display better signal compared to specimens with the same configurations under the same loading condition but with no or less contact. Figure 12 (a) shows no gap between micro-exciters and ITOF sensor, and the corresponding TL emission is shown in Figure 12 (a#). However, Figure 12(b) shows a large gap of 476 mm between the peak of a microexciter and ITOF sensor, and the corresponding TL emission (low intensity) is shown in Figure 12 (b#). The gap between micro-exciters and ITOF sensor might be responsible for the large TL intensity variations. This result is expected because a large gap between the micro-exciters and ITOF sensor will result in a negligible amount of friction-induced signal, therefore a higher insensitivity to low load. It is now understood that to improve repeatability of signal generation, the fabrication process must address the variance in micro- exciter placement. Clearly, no gap between the sensor and micro-exciter is desirable so by altering the method of fabrication, a more repeatable sensor can be produced.
Scanning electron microscopy. SEM was also used to characterize the tested samples to gain further insights into the sensor network patch's structure and load-sensing performance. Four specimens among those used for the optical microscopy were studied with the SEM. Figure  13 (a) shows a micrograph of a specimen where microexciters were in contact with the ITOF surface. The distance between micro-exciters and ITOF sensors was measured using ImageJ software from each of the microscopic images and plotted (for a 3.5-mm-long ITOF sensor) in Figure 13 (b). The peak of the two micro-exciters touches the ITOF sensor. These specimens demonstrated higher TL intensity during testing. The micro-exciters excite the ZnS:Mn crystals during loading as they lay on the ITOF sensors' surface. Figure 14 (a) shows a micrograph of specimen that did not show expected TL signals during loading. Figure 14(b) shows the distance between micro-exciters and ITOF sensors that was measured using ImageJ software from microscopic image (for 3.5-mm-long ITOF sensor). There is a polyurethane matrix layer in between micro-exciters and ITOF sensors. The range of polyurethane layer observed between the micro-exciters and the ITOF sensor is around 400-600 mm. This prevented the micro-exciters from exciting the TL crystals on the TL coating of the integrated ITOF sensors. As such, these samples did not produce the expected signal even though they had the same configuration as the sample shown in Figure 13 .
Conclusion
This article has demonstrated a TL-based load monitoring sensor which can produce TL emissions corresponding to each loading cycle. Experimental results indicate that there is a clear correlation between TL emissions intensity values and the applied load on the ITOFPress. In general, the TL intensity increases exponentially with the increase in load and vice versa. Moreover, the higher the loading rate, the higher the TL intensity. Furthermore, the ITOFPress containing a coarser micro-exciter (high coefficient of friction) exhibited better results. As such, it is concluded that the TL intensity (I TL ) is a function of loading rate, coefficient of friction, and applied load on the sample. The effect of patch matrix materials for improved load-sensing performance of the new ITOFPress was also investigated. The semi-flexible (matrix materialMaterial A) patch shows more consistent results for each cycle, but the TL intensity is comparatively low. On the other hand, for the stiffer patch (matrix material-Material B), the TL intensity was distinctly enhanced compared to the semi-flexible patch, although higher variation in signal intensity was observed. A higher TL intensity was observed during repeated loading due to the effective load transfer to ITOF sensors, but the load decreases significantly after each consecutive cycle. To obtain a consistent and high TL emission, a new patch matrix material as well as microexciters' host material are needed that can perform well under fatigue loading.
To correlate the TL intensity with the applied load, several loading and unloading half cycles were plotted for the two patch matrix materials and an empirical relationship is suggested as I TL = A exp(F=B) + C 0 . The load sensitivity threshold is approximately 30% of the peak load for the sensor configuration used in this study. The work is underway to investigate the load sensitivity threshold to a minimum value and sensor long-term repeatability for better sensor performance. In addition, the work includes finding the optimum grit size of micro-exciters because there is a high possibility to rapidly wear out the ZnS:Mn coating on ITOF sensor when using coarse micro-exciters. Additionally, during sensor fabrication, it is important to make sure that micro-exciters are in close proximity to the ITOF sensors, that is, no gap between them. Additional work is being done to optimize the sensor fabrication so that the sensor can be calibrated for load sensing. Fatigue tests will also be performed on the ITOF sensor patch to gain insight into its durability and performance under extended cyclic loading. Clearly, to develop a fully functional load monitoring TL sensor, additional research would be required in the following areas:
1. Study of advanced materials such as patch matrix materials and micro-exciters' host materials, to eliminate the degradation trends as shown in Figure 11 ; 2. Data analysis of hundreds of cycles of loading to understand the long-term signal trend, sensor repeatability, and durability for sensor calibration; 3. Cyclic loading on ITOF sensor patch until an insignificant stress relaxation of patch matrix is obtained; 4. Developing a model based on experimental data to find out the correlations of TL intensity with applied loads and loading rates; 5. Optimization of sensor fabrication (fabrication consistency is another factor which will influence the sensor performance) and calibration.
Once fully developed, TL-based sensor patches will be able to provide real-time load monitoring on critical structures such as wind turbine blades for the active control of the turbine. Another potential application could be in high loading rate applications where conventional sensors might have difficulties.
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